2004). Consequently, grazing has become one of the main causes of steppe degradation and desertification in this region (Li et al., 2000) . Inner Mongolia is the most important producer of milk, mutton, and cashmere in P.R. China (Kang et al., 2007) . Because grasslands are an important feed resource for livestock keepers, their degradation will impose major constraints on the local animal sector and may even hamper the economic development of the entire region (Sun et al., 2008) .
Low herbage allowances (HA) may limit an animals' ability to select the most nutritious plant parts and species, thereby reducing both diet quality and feed intake (Animut et al., 2005b) . Together with greater energy expenditures for physical activity, this reduces the energy available for BW gain (BWG), milk production, and feed use efficiency (Animut et al., 2005a; Maurya et al., 2012) . The objective of our study, therefore, was to analyze the effects of different HA on OM intake (OMI) and BWG of individual animals (OMIa and BWGa, respectively) and per hectare (OMIh and BWGh, respectively). For this, data from 6 yr were used that have been collected within a sophisticated grazing system where livestock grazing and haymaking were alternated annually. Furthermore, we aimed at determining the stocking rates (SR) that allow for a maximum BWGh and at evaluating their potential negative effects on long-term functioning of the grassland ecosystem using published data of the same research project.
MAtERIALS AND MEtHODS

Study Area
The study was conducted in the Xilin River Basin in the Inner Mongolia Autonomous Region of P.R. China (116°42′ E, 43°38′ N) during 2005 to 2010. The study area is located on the Mongolian Plateau at about 1,200 m above sea level. It belongs to the Inner Mongolia Grassland Ecosystem Research Station (IMGERS), which is administered by the Institute of Botany of the Chinese Academy of Science, Beijing. The area had been used for moderate sheep grazing until October 2003. Afterwards, it was not grazed until the grazing trial was established in May 2005. The semiarid continental climate is characterized by a mean annual precipitation of 296 mm (2003 to 2010) and a mean annual air temperature of 1.4°C. Nearly 80% of the annual precipitation coincides with the highest temperature in summer (May to August). Climate data were collected at the local weather station of the IMGERS. The vegetation period lasts for approximately 150 d from April to September (Bai et al., 2004) . It is, therefore, typical for the temperate steppe region with high intra-and interannual variability in precipitation. The average annual aboveground net primary production (ANPP) of the grassland in our study region is 1,400 kg DM/ha (Schönbach et al., 2011) . The perennial rhizome grass Leymus chinensis Trin. Tzvel. and the perennial bunch grass Stipa grandis P. A. Smirn. characterize the grassland plant community (Bai et al., 2004) , accounting for more than 50% of the aboveground plant dry mass (Schönbach et al., 2011) . Other dominant grass species are Cleistogenes squarrosa Trin. Keng., Agropyron cristatum L. Gaertn., and Carex korshinsky Kom. (Schönbach et al., 2011) . The major soil types are calcic chestnuts and calcic chernozems (IUSS Working Group WRB, 2007) .
Experimental Design
All procedures involving animals followed the guidelines for the care and use of experimental animals established by the Ministry of Agriculture of P.R. China. A randomized complete block design was used to test the effects of HA on animal parameters. The experiment was conducted during the vegetation period of 2005 to 2010. Sheep were transferred to the grazing plots in the middle of June and removed again in the middle of September, resulting in a grazing period of 3 mo/yr. Six different grazing intensities were realized on 4 plots each, 2 flat and 2 moderately sloped plots. Hence, plot was used as a blocking factor. The 2 adjacent plots in the flat and moderately sloped areas were used alternately for animal grazing in the first year and for haymaking in the following year beginning in 2005. Therefore, measurements were performed on a total of 12 grazing plots every year (6 HA classes × 2 plots) that had not been grazed in the year before. For haymaking, the sward was cut by local farmers once a year during late August. The ANPP during haymaking and grazing year ranges between 945 and 1,808 kg DM/ha and 649 to 1,694 kg DM/ha, respectively, on experimental plots used within the research project (2005 to 2008 data; Schönbach et al., 2011) . Constant stocking density treatments were applied in 2005 and 2006. Because HA better describes grazing intensity than stocking density (Sollenberger et al., 2005) when herbage mass (HM) differs between experimental areas or throughout the grazing period, we used HA classes from 2007 onward to account for differences in the ANPP between our experimental plots. The HA was expressed as kilograms herbage DM per kilogram of animal BW. To maintain constant HA across the whole grazing period, the number of sheep per plot was adjusted according to the standing HM every month subsequent to animal weighing and HM determination. The HA target ranges were >12.0, >6.0 to 12.0, >4.5 to 6.0, >3.0 to 4.5, >1.5 to 3.0, and ≤1.5 kg DM/kg BW, designated as HA classes 1 to 6, respectively. Despite the shift in the definition of grazing intensity from constant stocking densities in 2005 and 2006 to the HA method in 2007 to 2010, mean one SR (SD) during the grazing seasons in the last 4 study years of 1.7 (0.2), 3.4 (0.5), 4.6 (0.4), 6.1 (0.6), 8.0 (0.6), and 9.5 sheep/ha (0.6) for HA classes 1 to 6, respectively, were not different from those in 2005 and 2006 (P ≥ 0.053, except HA class 1 and 2 [P < 0.001 for both classes]). Moreover, mean HA in these years were not different from those in 2007 to 2010 (P ≥ 0.101, except HA class 1 [P = 0.012], 2 [P < 0.001], and 3 [P < 0.001]). The size of each plot was 2 ha except for HA class 1 plots, which covered 4 ha each so that a minimum of 6 animals per plot could be kept.
Determination of Herbage Mass
Standing HM was determined in 3 representative areas of 0.5 m 2 (0.25 by 2 m) per plot by manually cutting the sward with scissors down to 1 cm above ground level. Herbage sampling took place once in the beginning of June and again in the middle of July, August, and September each year. Herbage material was pooled by plot and period, dried at 60°C for 24 h in a forced-air drying oven, and ground to pass a 1-mm sieve (Cyclotec 1093 Sample Mill; Foss Tecator, Höganäs, Sweden) before analysis. Pool samples were analyzed in duplicate for DM content by oven-drying at 103°C overnight to a constant weight.
Animals
Every year, about 150 female sheep of the Inner Mongolian fat-tailed breed were used for the experiment. The animals were about 15 mo old, were neither pregnant nor lactating, and were purchased from local farmers. Before the experiment started, sheep were ear tagged, subjected to anthelmintic treatment, and weighed on 2 consecutive days using a portable balance (accuracy 0.1 kg). The animals were divided into 4 BW groups (very light, light, medium, and heavy). Out of each BW group, animals were randomly allocated to 1 of the 12 grazing plots to equalize mean BW per plot. Mean initial BW (one SE) of the study animals across the experimental plots were 31.6 (0.8), 31.3 (0.4), 31.3 (0. 3), 31.9 (0.5), 31.9 (0.9), and 30.8 kg (0.3) in June 2005 to 2010, respectively. All sheep were weighed again on 2 consecutive days in the middle of July, August, and September. The mean BW of the 2 d was used to adjust HA and to calculate the animals' BWG during each month. All animals were allowed to graze the grassland day and night. Mineral lick stones and water were freely available throughout the entire grazing period. In 2006, the winter started early. This meant that animals in HA classes 5 and 6 had to be removed from the plots in the beginning of September because too little HM was on offer. Hence, no animal data could be collected for these HA classes in this month. Details of the experimental scheme and climatic conditions during the study year are given in Tables 1 and 2 .
Forage and Energy Intake
Six sheep per plot (4 sheep in 2009 and 2010) were randomly selected to determine digestibility of ingested herbage OM (dOM) and OMI. The latter was calculated from fecal OM excretion and dOM according to the following equation: OMI (g/d) = fecal OM excretion (g/d)/ (1 − dOM). Fecal OM excretion was determined using the inert marker titanium dioxide (TiO 2 ). On 10 consecutive days in the beginning of July, August, and September each year, 1 pulse dose of 2.5 g TiO 2 was orally administered to the 6 sheep per plot (4 sheep in 2009 and 2010) in a gelatin capsule each day. During each of these periods, fecal grab samples were obtained once daily from the rectum on d 6 to 10 (sampling period). For this, the animals were moved to a small paddock located on each grazing plot. The samples were frozen immediately after collection. At the end of each sampling period, the samples were thawed, pooled by individual sheep and period, and homogenized. For chemical analyses, 2 subsamples were generated. One subsample was analyzed for N concentration according to the Kjeldahl procedure, for DM concentration by oven-drying at 103°C for 24 h, and for crude ash contents by incineration at 550°C for 12 h (Naumann and Bassler, 2004) . The other subsample was oven-dried at 60°C for 36 h and ground to pass a 1-mm screen. Titanium dioxide was extracted according to the Kjeldahl procedure following descriptions by Brandt and Allam (1987) modified by . Subsequently, TiO 2 concentrations in the extracts were measured using a spectrophotometer (Jenway 6300 spectrophotometer; Bibby Scientific Limited, Staffordshire, UK) at a wavelength of 405 nm. Fecal OM output was calculated from daily TiO 2 administration and fecal TiO 2 concentration assuming a fecal recovery of 100% ): fecal excretion (g OM/d) = TiO 2 dosage (g/d)/fecal TiO 2 concentration (g/kg OM) × 1,000. The dOM was calculated from CP concentration in fecal OM using the nonlinear regression equation of Wang et al. (2009) , which was derived from 721 individual observations in sheep: dOM = 0.899 − 0.644 × exp [−0.5774 × fecal CP (g/kg OM)/100]. The ME concentrations of ingested OM were calculated from dOM according to the formula given by K. P. Aiple (Univerisity of Hohenheim, Stutgart, personal communication) based on data published in Aiple et al. (1992) : ME (MJ/kg OM) = −0.9 + 17.0 × dOM. Metabolizable energy intake (MEI) was calculated by multiplying OMI by dietary ME concentration.
Statistical Analysis
All data were analyzed using the software program R version 3.2.0 (R Core Team, Vienna, Austria from values measured in July and August due to missing data for these HA classes in September that year. Hence, plot was considered the experimental unit and a total of 72 observations were obtained for all parameters (6 HA classes × 6 yr × 2 plots).
The ANOVA procedure was applied including the experimental variables HA class (HA class 1 to 6), year (2005 to 2010), and their interaction as fixed effects. Plots and the interaction of plot (flat and sloped) and HA class were defined as random effects. Year was treated as repeated measurement with an autocorrelation structure. Least squares means and SEM were calculated for each HA class and year. After this, multiple contrast tests were conducted to compare means between different years and HA classes. Effects were considered significant at P ≤ 0.05 and P-values between >0.05 and ≤0.10 were considered a trend. Moreover, CV were calculated for each HA class as an indicator for the interannual variation in measured parameters.
Because the ANOVA procedure does not allow for quantitative estimations of the measured parameters in response to changes in HA, mixed models were used to test for linear, quadratic, logistic, and exponential relationships between HA (independent variable) and BWGa, BWGh, OMIa, and OMIh (dependent variables) during each year. The HA, year, and their interaction were treated as fixed effects, whereas HA class within the flat or moderately sloped area (i.e., plot) was chosen as a random factor. The mathematical model with the smallest residual error and Akaike information criterion value were chosen for further interpretations. The root mean RMSE for each model was calculated. Because none of the mixed models well described the measured (182) 692 (49) 616 (14) 611 (48) 634 (160) 629 (11) 2009 846 (10) 799 (219) 846 (81) 889 (222) 697 (23) 742 (120) 2010 1,035 (141) 785 (100) 873 (172) 913 (107) 850 (89) 800 ( response of OMIh to increasing HA, model parameters were estimated for each individual year. Moreover, the quadratic models were refuted for BWGh in 2005 and 2008 due to their pronounced decreases at high HA and logistic models were fitted to the data of these years.
RESULtS
Forage Intake and Performance of Sheep at Different Herbage Allowance Classes
Across all HA classes and study year, dOM ranged between 0.526 and 0.619. It did not differ between HA classes (P = 0.419) and no interactions between HA class and year were observed (P = 0.118). There was an influence of year (P < 0.001), and CV in dOM steadily increased from HA class 1 (0.435) and HA class 2 (0.404) to HA class 6 (0.544). There were no differences between HA classes in daily OMIa (P = 0.373; Table 3 ) and MEI (P = 0.223), the latter ranging between 0.51 and 0.86 MJ/kg 0.75 BW. Organic matter intake of individual animals and MEI differed between years (P < 0.001 for both parameters), which was, however, mainly due to differences between year observed for HA class 3. In this HA class, daily MEI values were less in 2010 (0.51 MJ/kg 0.75 BW) than in 2006 (0.86 MJ/kg 0.75 BW; P < 0.010). In all other HA classes, MEI were not different between years (P ≥ 0.069). There were no interactions between HA class and year for OMIa (P = 0.570) and MEI (P = 0.322; Table 3 ).
Mean BWGa across the grazing seasons ranged between 36 and 135 g/d. In contrast to digestibility and intake values, there was a tendency for a HA class effect on BWGa (P = 0.092; Table 3 ). Moreover, an interaction between HA class and year was determined for BWGa (P = 0.005). This was not due to differences between HA classes within individual study years. Instead, BWGa differed between years (P < 0.001) in HA classes 3 to 6 (P ≤ 0.027), whereas it was not different between years in HA class 1 and 2 (P ≥ 0.318). Correspondingly, CV in BWGa increased with increasing HA class from 21.9 and 17.0% in HA class 1 and HA class 2, respectively, to 46.8% in HA class 6, confirming the greater interannual variation in the performance of individual animals in greater HA classes. Although in HA classes 1 to 2, OMIh (P ≥ 0.890) and BWGh (P ≥ 0.972) were not different between study years, both parameters differed between years for HA classes 4 to 6 (OMIh; P ≤ 0.010) or even for HA classes 3 to 6 (BWGh; P ≤ 0.043). Similar to BWGa, CV in BWGh continuously increased from 33.2% in HA class 1 and 19.6% in HA class 2 to 45.4% in HA class 6, indicating a greater interannual variation in BWGh.
Relationships between Herbage Allowance and Forage Intake and Performance of Sheep
In 2005 and 2007, OMIa decreased with increasing HA (Table 4 ; P ≤ 0.054 for the slope estimate). Apart from this, there were no correlations between HA and Table 4 ). During all years, OMIh and BWGh curvelinearly decreased with increasing HA (P ≤ 0.003 and P ≤ 0.006 for the slope estimates, respectively) with exponential models well describing the relationships between HA and both parameters in all years. Similar to the greater CV at low HA, parameter estimates of the regression equations indicate that absolute BWGh and its response to HA differed between years and that interannual differences in BWGh were more pronounced at low than at high HA.
DISCUSSION
Effects of Herbage Allowance on Forage Intake and Performance of Individual Animals
A great range of HA was tested from 18.2 to 0.9 kg DM/kg BW in HA class 1 and 6, respectively. Average removal of standing plant biomass by sheep grazing in HA class 6 exceeded 90% of the initial HM in the beginning of the grazing seasons in 2005 to 2008 (Schönbach et al., 2011) , which is much greater than the removals at table 3. Influence of herbage allowance (HA) classes on daily ME intake (MEI) and on daily OM intake (OMI) and BW gain (BWG) of individual animals (OMIa and BWGa, respectively) and per hectare (OMIh and BWGh, respectively) A-D Within columns, different superscripts indicate significant differences (P ≤ 0.05) between years within 1 HA class. The statistical model did not allow for comparisons of overall means between years across all HA classes and between HA classes across all years.
1 n = 2 plots per HA class and year. In 2006, animals in HA classes 5 and 6 had to be removed from the plots before the end of the experiment due to an early winter onset, so that data of September for these HA classes were omitted from calculation of the means that year. heavy grazing treatments in other studies (Milchunas et al., 1994; Biondini et al., 1998) . Nevertheless, HA class did not influence any of the measured parameters at the level of the individual animal in most of the 6 study years. This is in contrast to observations in the literature and our hypothesis that low HA will decrease dOM, forage intake and performance of sheep due to less HM on offer and a limited ability of animals to select for plants, plant species, or plant parts of greater nutritional quality (Gibb and Treacher, 1978; Penning et al., 1986; Animut et al., 2005b) . The dOM did not differ between HA classes, possibly due to the fact that the quality of standing herbage in the study area increased with decreasing HA as a result of a frequent removal of plant biomass at lower HA, maintaining HM on offer at a less mature stage (Schönbach et al., 2009 ). Hence, in vitro digestibility of herbage OM on offer was inferior for high HA compared with low HA. Sheep at high HA might have compensated for this by selectively grazing on plant species, plant parts, or patches of herbage of greater nutritional quality. In 2005, OMIa curvelinearly increased with increasing HA according to the regression analysis and animals had to be removed from the plots in HA classes 5 and 6 in the beginning of September in 2006. Nevertheless, OMIa and MEI did not differ between HA classes and no increase in forage intake was observed with increasing HA in 2007 to 2010. In these years, sheep might have compensated for low HA, for instance, by consuming all aboveground and probably some belowground plant biomass or by intensifying their foraging behavior. The latter is confirmed by results of Lin et al. (2011) , who found that reduced HA (HA class 1 to 6 = grazing intensity 1 to 6 in their study) 
, and y = e a × e c × x for the linear, quadratic, logistic, and exponential relationships, respectively.
2 n = 12: 2 plots × 6 HA classes. In 2006, animals in HA classes 5 and 6 had to be removed from the plots before the end of the experiment due to an early winter onset, so that data for these HA classes was excluded from the analyses (i.e., n = 8 in 2006: 2 plots × 4 HA classes; for details, see Materials and Methods).
3 RMSE = root mean square error. prolonged the daily grazing time of sheep within the frame of our research project. The BWGa increased with increasing HA in 2005 and 2009 despite a similar dOM, OMIa, and, hence, MEI of sheep, suggesting that any compensatory behavior at low HA might have increased energy expenditures for physical activity and thereby decreased the amount of ME available for growth (Animut et al., 2005a; Maurya et al., 2012) . Assuming daily ME requirements for maintenance and BWG of 0.43 MJ/ kg 0.75 BW and 23 kJ/g BWG, respectively (Jeroch et al., 1996) , ME use of sheep at measured BW and BWG (Tables 1 and 3 ) ranged between 5.7 and 7.1 MJ/d for ME and between 0.6 and 3.4 MJ/d for BWG. This is up to 5.8 MJ/d less than the estimated MEI of the animals (Table 3) . Climatic conditions were similar on all grazing plots and sheep were treated against external and internal parasites before the grazing seasons started. Therefore, this discrepancy between the daily MEI and the ME requirements for maintenance and BWG of sheep is most probably related to energy expenditures of the animals for physical activity. As these energy expenditures did not differ between HA classes (data not shown), it appears that any compensatory behaviors that sheep at low HA exhibited to maintain their OMIa did not greatly increase their ME expenditures in most years.
The range of BWGa determined in the current study was similar to or even greater than growth rates of sheep that have been reported in literature (Zhao et al., 2004; Sun et al., 2015) . This was likely due to the fact that our animals were treated against internal and external parasites before the beginning of the grazing seasons and because the grazing season was limited from June to September, when herbage regrowth and nutritional quality are superior to those in the cold season. Complementary studies within the frame of the current research project showed that concentrate supplementation increased BWGa , indicating that there is scope for greater growth rates of sheep, which in turn suggests that nutrient and energy intake and not genetic potential limited BWGa in the current study.
Effects of Year
Water availability is the key limiting factor for plant biomass production in this region (Bai et al., 2004 (Bai et al., , 2008 . During 1982 to 2004, the mean annual precipitation and rainfall during May to September were 343 and 293 mm, respectively. Compared with these values, precipitation in 2007, 2009, and, in particular, 2005 were low, whereas the amounts of rain and snowfall were similar to the 
, and y = e a × e c × x for the linear, quadratic, and exponential relations, respectively.
2 n = 12: 2 plots × 6 herbage allowance (HA) classes. In 2006, animals in HA classes 5 and 6 had to be removed from the plots before the end of the experiment due to an early winter onset, so that BW gain data for these HA classes was excluded from the analyses (i.e., n = 8 for BWGh in 2006: 2 plots × 4 HA classes; for details, see Materials and Methods).
3 RMSE = root mean square error. (Table 2) . Schönbach et al. (2009 Schönbach et al. ( , 2011 found differences in herbage ANPP between study years that corresponded to differences in the annual amounts of rain and snowfall. Similarly, dOM, BWGa, and BWGh were lowest in 2005 when annual precipitation and rainfall during the vegetation period were less than in the other years. Moreover, the OMIa and BWGa increased with increasing HA in this year. Similarly, Fynn and O'Connor (2000) found differences in BWG of cattle on a semiarid pasture in South Africa during drought but not during normalrainfall year. Moreover, the authors observed that rainfall explained more of the variance in cattle performance than SR (Fynn and O'Connor, 2000) . However, a greater precipitation level did not necessarily result in a greater forage intake and performance of sheep in the current study. In 2008, when annual precipitation and rainfall during the vegetation period exceeded those in the other years, none of the measured animal parameters were superior. Ren (2012) concluded that the temporal distribution of precipitation and ambient temperatures in March to June rather than annual precipitation and mean temperatures during the vegetation period determine herbage growth and plant species composition in the study region.
According to the studies of Schönbach et al. (2011 Schönbach et al. ( , 2012 , Bösing et al. (2014) , Dickhoefer et al. (2014) , Müller et al. (2014) , and Ren (2012) on the same experimental plots, ANPP and nutritional quality of the herbage was highest in 2006, 2008, and 2010 . Nevertheless, forage intake and BWGa of sheep were not greatest in these years, showing that an improved forage availability and nutritional quality do not necessarily result in an improved animal performance under grazing conditions.
All parameters differed between years in HA classes 4 to 6. Moreover, CV increased with increasing HA class, because even minor differences in the performance of individual animals will lead to pronounced differences in BWGh between years in high HA classes.
Besides the production of wool and dung, the sale of live animals is the main source of revenue for sheep farmers in Inner Mongolia, and feeding costs and the payments for renting the land for grazing and haymaking represent the main expenses in the current sheep production system. Hence, total animal yield per unit of (rented) land area during a given time span is the most important determinant of the profitability of sheep production in this region. Irrespective of the clear positive effect of HA on BWGa in 2 of the 6 study years, BWGh exponentially decreased with increasing HA in all years (Table 4) , supporting the common practice of local farmers to manage their grassland at low HA (i.e., high SR; Tong et al., 2004) despite negative effects on its vegetation in the long term. However, several studies in similar environments found that BWGh increases only until a certain SR threshold, beyond which it stagnates or even decreases due to a decrease in forage intake and performance of individual animals with increasing SR (Allison, 1985; Penning et al., 1986; Fynn and O'Connor, 2000) . From an economic point of view, farmers may aim to use their grasslands close to this threshold to maximize their revenues from livestock production (Kemp et al., 2011 (Kemp et al., , 2013 . Using the same mixed models as for the relationships between HA and OMI or BWG to determine the relationships between BWGh and the SR across the grazing seasons showed that BWGh strongly decreased with increasing SR in . In 2006, animals at herbage allowance classes 5 and 6 had to be removed from the plots before the end of the experiment due to an early winter onset, so that data for these herbage allowance classes were omitted from the analyses (n = 8: 2 plots × 4 herbage allowance classes). For BWGh in 2008, a linear instead of a quadratic model was chosen despite the superior statistical results for the latter due to very large differences between the 2 experimental plots at herbage allowance class 6. . In 2006, animals at herbage allowance classes 5 and 6 had to be removed from the plots before the end of the experiment due to an early winter onset, so that data for these herbage allowance classes were omitted from the analyses (n = 8: 2 plots × 4 herbage allowance classes). For parameter estimates and statistical results, see Table 6 . For mean ESSB, see Table 5 . The grey horizontal line indicates the ESSB threshold of 656 g OM/ha (for details, see Discussion). Data partly published by Schönbach et al. (2011). 2006 (Table 5 ; Fig. 1 ). However, animals in HA classes 5 and 6 had to be removed from the grazing plots before the end of the grazing season, because too little HM was on offer, suggesting that the SR threshold at maximum BWGh was reached in HA class 4 (i.e. (Schönbach et al., 2011) . This might explain why the maximum BWGh was reached at lower SR in these than in the following year, when BWGh linearly increased with increasing SR (2007 SR ( to 2008 or maximum BWGh calculated from the regression equations was reached at SR greater than those tested in our study (>11 sheep/ha; 2009 to 2010) .
Previous studies of, for instance, Kemp et al. (2013) showed that SR that allow for maximum economic profit are lower than those that result in maximum animal output per unit of land area, due to the declining marginal returns as SR increase. The economically optimal SR has been determined to be at a SR that is 78% of the SR with maximum animal production per hectare in beef cows grazing native grass pasture in an arid environment (Gillen and Sims, 2002) . However, a detailed economic evaluation of the livestock system is needed, which would have to consider, for instance, costs for veterinarian services, concentrate and mineral feed, and hay during the winter period as well as revenues from the sale of wool, manure that can be used instead of lignite for heating and cooking, and the variable price for live animals depending on their age and body condition. Nevertheless, our results suggest that the HA or SR that should be implemented to achieve a maximum BWGh greatly vary among years and that managing the grassland at very low HA may be economically viable in years with rainfall similar to the long-term average.
Ecological Relevance
Many studies support the observation that the high SR in the study region should be reduced to avoid longterm changes in the structure (i.e., plant species composition, number of species, ground surface structure, and canopy cover) and functioning (i.e., matter fluxes and carbon storage) of the Inner Mongolian grassland ecosystem. Results of a study by Schönbach et al. (2011) within the frame of the current research show that canopy cover was 43% lower in HA class 6 (HA class 6 = grazing intensity 6 in their study) compared with that in ungrazed plots. Zheng et al. (2011) demonstrated that plant height, individual plant biomass, and leaf-to-stem ratio of the 2 dominant species decreased with increasing SR, whereas Ren et al. (2012) found only minor effects of HA class (HA classes 1 to 6 = grazing intensity 1 to 6 in their study) on the botanical composition and the species diversity of the herbaceous vegetation in our experimental plots. However, aboveground biomass of the dominant and preferentially grazed species L. chinensis decreased with increasing HA class . These studies illustrate the negative effects of heavy grazing on the grassland vegetation already after a few years, which will likely be more pronounced in the mid term and greatly hamper long-term functioning of the Inner Mongolian steppe ecosystem.
The amount of plant biomass remaining on pasture in the end of the grazing season (i.e., end-of-season standing biomass [ESSB] ) is often used as an indicator to evaluate the ecological consequences of livestock table 6. End-of-season standing biomass (ESSB) and canopy cover of the grassland vegetation in the end of the 90-d grazing seasons of 2005 to 2010 (arithmetic mean [one SD]; n = 2/yr) grazing (Milchunas et al., 1994; Biondini et al., 1998; Schönbach et al., 2011) . Christensen et al. (2003) modeled grazing effects on the vegetation in the typical Inner Mongolian steppe. They concluded that for maintaining long-term biomass production, herbage removal by livestock should not exceed 51% of ANPP in this region, equivalent to an ESSB of 49% of the ANPP. According to the mean ANPP in the study area of 1,400 kg DM/ha (Schönbach et al., 2011) and mean crude ash concentrations of 63 g/kg of plant DM (P. Schönbach, Christian-Albrechts-Universität, Kiel, Germany, personal communication), this would be equal to an ESSB of 656 kg OM/ha. Using the same linear and nonlinear mixed model approach as for the relationships between HA and OMI or BWG, ESSB on our experimental plots exponentially decreased with increasing SR in 2005 to 2010 (data partly published by Schönbach et al., 2011; Fig. 2; Table 5 ). According to the respective regression equations (Table 6) Moreover, Hoffmann et al. (2008) found on sites close to our experimental plots that vegetation cover and the degree of soil erosion are greatly affected by SR. A canopy cover of ≤70% (i.e., 30% of bare soil) will result in increased soil erosion by wind and surface runoff water and thus amplify land degradation (Schönbach et al., 2011) . When analyzing the relationships between SR and the visually estimated canopy cover using the same linear and nonlinear mixed model approach as for the relationships between HA and OMI or BWG, canopy cover of the vegetation in the end of the grazing season linearly decreased with increasing SR (derived from data partly published by Schönbach et al., 2011;  Tables 5  and 6 ; Fig. 3 ). It was above the minimum threshold of 70% at SR during the grazing seasons of ≤3.3, ≤1.7, ≤0.6, and ≤3.2 sheep/ha in 2006, 2007, 2008, and 2009 , respectively (canopy cover was not determined in 2005 and 2010). Hence, both parameters lead to similar ecological SR thresholds and show that 1) the critical SR to prevent long-term grassland degradation varies between years and 2) SR thresholds were lowest in 2005 and 2006 when ANPP and HM on offer were most likely limited by a very low precipitation in 2005 (Schönbach et al., 2011) , whereas they were greatest in 2008 when rainfall was similar to the long-term average.
These ecological SR thresholds are certainly not directly transferable to the contemporary livestock system. On the one hand, grazing periods are usually longer than 90 d and sheep of different age classes and BW simultaneously graze the same areas. On the other hand, they are valid only at an alternating use of the grassland for haymaking and grazing and will be less when grassland is used for continuous animal grazing. Results indicate that SR much lower than those yielding the highest animal output per unit of land area should be used from an ecological point of view (Kemp et al., 2013) and that this discrepancy greatly differs between years. Nevertheless, Schönbach et al. (2011) found that already after 4 yr, an alternating grassland use for haymaking and grazing increased ANPP and canopy cover of the steppe vegetation at HA classes 5 and 6 compared with plots that were grazed at the same HA classes every year (HA classes 1 to 6 = grazing intensity 1 to 6 in their study). Although this did not lead to greater BWGa or BWGh, these positive effects of an alternating grassland use on plant biomass yields may allow for greater SR in the long term without any negative effects on ecosystem functioning . Moreover, while increasing BWGa and BWGh, Bösing et al. (2014) found that a moderate level of concentrate feeding reduces the herbage consumption of grazing sheep. Feed supplementation might therefore be used to diminish the discrepancy between the economically and ecologically SR thresholds. Additionally, it may enable livestock keepers to compensate for the high interannual variability in animalrelated parameters. Supplemental feeds are readily available in the study region. As current prices for sheep are also high, a strategic supplementation of small groups of grazing animals, for instance, in times when forage availability and nutritional quality are low, appears profitable. However, the additional labor demand might hamper adoption of such improved feeding regimes.
Under grazing conditions, sheep are apparently able to compensate for very low HA and maintain their forage intake and performance level without greatly (n = 12/yr). In 2006, animals at herbage allowance classes 5 and 6 had to be removed from the plots before the end of the experiment due to an early winter onset, so that data for these herbage allowance classes were omitted from the analyses (n = 8: 2 plots × 4 herbage allowance classes). For parameter estimates and statistical results see Table 2 .1.6. For mean canopy cover, see Table 6 . The grey horizontal line indicates the threshold of 70% of canopy cover of the grassland vegetation (for details, see Discussion). Data partly published by Schönbach et al. (2011). increasing their energy expenditures for physical activity. Due to the increase in BWG per unit of land area, managing the grassland at very low HA (i.e., high SR) appears economically profitable in years with rainfall similar to the long-term average. Ecological parameters indicate, however, that SR during an annual grazing season of 90 d and an alternating grassland use for haymaking and grazing should not exceed 2 to 3 sheep/ha, if long-term ecosystem functioning is to be maintained. This SR threshold is much lower than those yielding the highest animal output per unit of land area.
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